Development of an automatic Doppler fl ow signal detection system: variability of pulmonary and aortic peak fl ow velocity Abstract Purpose. Automatic Doppler fl ow signal detection systems can provide beat-to-beat information for large blood vessels. We have developed new equipment for automatic measurement of Doppler fl ow signals. The reliability of the system was examined, and the variability of aortic and pulmonary peak fl ow velocity was determined. Methods. We measured peak fl ow velocity using a newly developed system in healthy volunteers and patients with atrial fi brillation. Analysis of variability of peak fl ow velocity was performed with maximal entropy methods. Results. In Bland-Altman plots, the mean and standard deviation (SD) of differences in aortic peak fl ow velocities between the automatic and manual measurements were 0.22 ± 0.75 cm/s and 0.85 ± 0.38 cm/s, respectively, in fi ve normal volunteers. Moreover, less than 5% of the plotted points were beyond ± 2 SD of the differences. Furthermore, good reproducibility was demonstrated using Bland-Altman plots and Pearson's correlation analysis. Identical reliability was obtained in patients with atrial fi brillation. The same results were obtained for pulmonary peak fl ow velocity. In fi ve healthy subjects, aortic and pulmonary peak fl ow showed standard deviations of 7.2 ± 2.4 and 3.8 ± 0.6 cm/s, respectively, and coeffi cients of variation of 6.1% ± 1.0% and 5.1% ± 1.1%, respectively, in time-domain variability. Similarly, frequency-domain variability was obtained for both peak fl ow velocities.
Introduction
Great vessel fl ow (aortic and pulmonary fl ow) is regulated by many factors, such as vessel compliance, hydrostatic pressure, ventricular contractility, and volume of blood return. These factors are also thought to be affected by autonomic nervous tone. It can be assumed that beat-to-beat analysis of great vessel fl ow may provide certain clinically useful information.
Noninvasive methods for continuous detection of great vessel fl ow are appropriate for examination of beat-to-beat fl ow characteristics. Doppler echocardiography is thought to be an appropriate method for noninvasive detection of great vessel fl ow. To examine the beat-to-beat fl ow characteristics of great vessel fl ow using Doppler echocardiography, high accuracy of beat-to-beat measurements of Doppler fl ow signals is essential. Manual measurements of Doppler fl ow signals require considerable effort and have been reported to show considerable interobserver differences, especially in the case of measurement of pulsed-wave Doppler fl ow signals. 1 The development of reliable automatic methods for measurement of Doppler fl ow signals is necessary to examine the beat-to-beat fl ow characteristics in great vessels.
Beat-to-beat fl ow characteristics in major vessels have not been examined using an appropriate automatic fl ow detection system, although the variability of heart rate (HR) and blood pressure (BP) has been extensively studied. Accordingly, we developed new equipment for automatic measurement of Doppler fl ow signals and analyzed aortic and pulmonary peak fl ow velocity variability employing an algorithm of the maximal entropy method in normal healthy subjects.
Subjects and methods

Subjects
We fi rst studied the reliability of our newly developed automatic fl ow detection system for aortic peak fl ow velocity in fi ve healthy volunteers (age: mean ± SD, 43 ± 9 years; range, 30-54 years; three men and two women). In addition to signals from healthy volunteers with sinus rhythm, Doppler fl ow signals obtained from three patients with atrial fi brillation (age: 60, 64, and 84 years; one man and two women) were further examined to confi rm the reliability of the present system because beat-to-beat changes in fl ow are marked in patients with atrial fi brillation. Similarly, the reliability of pulmonary peak fl ow velocity detection was also determined using this system. We then studied the variability of aortic and pulmonary peak fl ow velocities in fi ve healthy subjects. The characteristics and echocardiographic fi ndings of these healthy subjects are listed in Table 1 . The test procedure complied with the rules of the Helsinki Declaration. 2 Informed consent was obtained, and the study was approved by our institutional ethics committee for human research.
Measurement of fl ow
Aortic fl ow was continuously measured in the supine position with pulsed Doppler echocardiography using the Toshiba Power Vision 8000 Ultrasound System (Toshiba Medical Systems, Tokyo, Japan) equipped with a multifrequency transducer. For pulsed wave measurements, a 3-MHz electrical sector transducer was used. The transducer was placed at the apical window. The sample volume was set at 2 mm just proximal to the aortic and pulmonary leafl et coaptation point and positioned in the middle of the outfl ow tract. Slight adjustments were made to maximize the velocity with a clearly defi ned envelope and a distinct closing signal on the spectral display. Doppler fl ow signals were obtained at each site with breath-holding at the midrespiratory phase for at least 50 beats.
Automatic fl ow velocity detection system
The pulsed Doppler fl ow signals were recorded on videotape with the ultrasound system just described. Peak fl ow velocity was automatically determined using an image analysis program that we developed using an algorithm for envelope-curve construction.
The steps of the program were as follows. Pulsed Doppler images recorded on videotape were initially captured using a personal computer. In captured pulsed Doppler fl ow images, the fl ow velocity (edge of Doppler fl ow pattern image) at a certain time phase was obtained as maximum fl ow velocity (edge) from the velocity distribution in the region corresponding to the time phase based on gray-scale analysis of the gradation. This step was similar to the automated wedge detection system widely used for analysis of twodimensional echocardiography images. A continuous fl ow velocity curve (envelope curve) was constructed by connecting each envelope by means of overlapping match of the patterns. Finally, peak fl ow velocity was obtained from the continuous fl ow velocity line (envelope curve).
Variability analysis
Analysis of the variability of the time-series data for peak fl ow velocity was performed using the same computer with an algorithm employing maximal entropy methods (Memcalc2, Version 1.2; Suwa Trust, Sapporo, Japan). 3, 4 The standard deviation (SD) and coeffi cient of variation (CV) for beat-to-beat peak fl ow variability were obtained. Similarly to HR variability analysis, high frequency (HF) and low frequency (LF) were defi ned as 0.04-0.15 and 0.15-0.4 (cm/ s) 2 , respectively. Data for HF power and LF power were standardized using the power of total frequency (TF).
Statistics
Bland-Altman plots were used to evaluate the agreement of peak fl ow velocity data obtained using the present newly developed automatic detection system with those obtained differences between the two methods in two normal volunteers and a patient with atrial fi brillation were −0.66, 1.22, and 0.48 cm/s, respectively. The SD of differences between the two methods in two normal volunteers and a patient with atrial fi brillation were 1.70, 1.36, and 2.73, respectively. These values were again clinically acceptably low. Bland-Altman plots obtained for the automatic fl ow detection system and ordinary manual measurements in a normal subject and a patient with atrial fi brillation. NSR, normal sinus rhythm; y.o, years old; M, male; AF, atrial fi brillation; F, female; CI, confi dence interval; r, correlation coeffi cient; P, probability value using ordinary manual detection methods. Pearson's correlation coeffi cient in addition to Bland-Altman plots were used to determine the reproducibility of the automatic peak fl ow velocity detection system. Data are expressed as mean ± SD range. A P value <0.05 was considered signifi cant.
Results
Evaluation of the newly developed peak fl ow velocity detection system
Comparison with manual detection Figure 1 shows actual data detection and sequential peak fl ow data plots obtained using the present system. BlandAltman plots in a healthy subject and in a patient with atrial fi brillation are shown in Fig. 2 to allow comparison of aortic peak fl ow velocities obtained using the newly developed peak fl ow velocity detection system and those obtained using ordinary manual detection. In fi ve healthy subjects, the Bland-Altman plots showed that the mean and SD of differences between the two methods were −0.40 ± 0.19 cm/s and 0.84 ± 0.16 cm/s, respectively, which were clinically acceptably low for peak fl ow measurement by Doppler methods. Moreover, <5% of total points measured were located beyond ± 2 SD of the differences. In three atrial fi brillation patients, essentially identical results were obtained. The mean and SD of the differences between the two methods were −0.62, −0.59, and −0.36, and 1.16, 0.99, and 0.63 cm/s, respectively. Again, the two values were clinically acceptably low for peak fl ow measurement by Doppler methods.
Identical results were obtained for pulmonary peak fl ow velocity analyzed by Bland-Altman plots. The mean of the
Reproducibility
The reproducibility of aortic peak fl ow velocity measurements using the automatic system in a healthy subject and a patient with atrial fi brillation was determined by Pearson's correlation analysis and Bland-Altman plots (Fig. 3) . In fi ve healthy subjects, Bland-Altman plots showed that the mean and SD of differences between fi rst and second measurements using the automatic system were 0.16 ± 0.77 cm/s and 0.85 ± 0.38 cm/s, respectively, which were clinically acceptably low. Moreover, <5% of total points were located beyond the SD of the differences. Pearson's correlation analysis revealed a high correlation coeffi cient, r = 0.97 ± 0.02 (0.94-0.99), for the relationship between the fi rst and second measurements made with the automatic fl ow detection system.
Identical results were obtained in three patients with atrial fi brillation. Bland-Altman plots showed that the mean of the differences between the fi rst and second measurements using the automatic system were 0.047, −0.070, and −0.26 cm/s, respectively. The SD of differences between the fi rst and second measurements was 1.00, 1.23, and 0.94 cm/s, respectively. Moreover, <5% of total points were located beyond the SD of the differences. Pearson's correlation analysis revealed a high correlation coeffi cient, r = 0.99, 0.99, and 0.99, for the relationship between the fi rst and Fig. 3 . Reproducibility of peak fl ow velocity made using the automatic fl ow detection system in a normal subject and a patient with atrial fi brillation. NSR, normal sinus rhythm; y.o, years old; M, male; AF, atrial fi brillation; F, female; CI, confi dence interval; r, correlation coeffi cient; P, probability value second measurements made with the automatic fl ow detection system. High reproducibility was also obtained for pulmonary peak fl ow. Bland-Altman plots in two healthy volunteers and a patient with atrial fi brillation showed that the mean of differences in pulmonary peak fl ow between the fi rst and second measurements made with the automatic system were −2.00, −2.14, and −0.53 cm/s, respectively. The SD of differences between the fi rst and second measurements was 1.19, 1.63, and 1.01 cm/s, respectively. Moreover, <5% of total points were located beyond the SD of the differences. Pearson's correlation analysis revealed a high correlation coeffi cient, r = 0.94, 0.96, and 0.99, for the relationship between the fi rst and second measurements made with the automatic fl ow detection system.
Flow variability
Both aortic and pulmonary peak fl ow velocity showed timedomain variability in healthy volunteers with normal sinus rhythm. Aortic and pulmonary peak fl ow showed standard deviations of 7.2 ± 2.4 and 3.8 ± 0.6 cm/s, respectively, and coeffi cients of variation of 6.1% ± 1.0% and 5.1% ± 1.1%, respectively, in time-domain variability.
Both aortic and pulmonary fl ow variability included high-and low-frequency components in healthy volunteers with normal sinus rhythm. In terms of aortic peak fl ow velocity variability, LF, HF, and total frequency (TF) powers were 6.6 ± 8.9, 22.4 ± 15.5, and 43.4 ± 27.6 (cm/s) 2 , respectively. LF, HF, and TF powers in pulmonary peak fl ow velocity variability were 2.7 ± 2.4, 5.1 ± 3.6, and 10.7 ± 3.4 (cm/s) 2 , respectively.
Discussion
The present study revealed that our newly developed automatic peak fl ow velocity detection system for measurement of Doppler fl ow signals was reliable. Using this system, we demonstrated for the fi rst time the time-and frequencydomain variability of aortic and pulmonary peak fl ow velocity in healthy subjects.
We used Bland-Altman plots to compare automatic and manual peak fl ow velocity measurements. The reproducibility of the automatic peak fl ow detection system was also determined by Pearson's correlation analysis in addition to Bland-Altman plots. It has been reported that correlation analysis alone is not adequate to determine the agreement of two methods, and the usefulness of Bland-Altman plots to evaluate the agreement of two methods has been reported. 5, 6 The present methods used to determine the reliability of our newly developed automatic peak fl ow detection system were thus valid.
Flow velocity determined by the present automatic Doppler fl ow detection system showed good agreement with that determined by manual detection, and reproducibility was good. It is known that manual detection of Doppler fl ow velocity involves some degree of error. In fact, variation of fl ow velocity measurement caused by operator error has been reported. 1, 7 Those studies showed that manual detection of Doppler fl ow signals by skillful technicians still included variation of the measurement. Bland-Altman plot analysis showed that data obtained using our newly developed automatic fl ow detection system were in good agreement with those obtained using ordinary manual measurement. The high reproducibility of the data obtained using the automatic system was demonstrated by Pearson's correlation analysis. Although there are no methods to determine which of the two methods is superior, BlandAltman plot analysis and Pearson's correlation analysis demonstrated that our newly developed automatic fl ow detection system is suffi ciently reliable.
To analyze peak fl ow variability, we employed an algorithm based on maximal entropy theory, which is now used in research in chronocardiology. 8 In comparison with the fi rst Fourier transmission algorithm, which is usually used for evaluation of HR variability, methods for variability analysis using an algorithm based on maximal entropy theory have a higher time resolution, and are thus able to provide better sensitivity to detect peak fl ow variability. 4 Because data for peak fl ow velocity cannot be obtained for a long duration during the midrespiratory phase, in contrast to data such as HR data from Holter ECG recordings, analysis of peak fl ow velocity variability requires a relatively high time resolution. Based on these considerations, application of maximal entropy theory for analysis of peak fl ow velocity was appropriate for detection of aortic and pulmonary peak fl ow velocity variability.
Here we demonstrated aortic and pulmonary peak fl ow velocity variability for the fi rst time. The present results regarding variability thus cannot be compared with previously reported results. In time-domain analysis, aortic peak fl ow velocity showed higher SD than that in pulmonary peak fl ow velocity, which was the result of the higher peak fl ow velocity in aortic fl ow than in pulmonary fl ow. In fact, when CV was compared between aortic and pulmonary fl ow, the identical CV was obtained between aortic and pulmonary peak fl ow velocity variability. When the fl ow variability results were compared with HR variability, which was analyzed using the same maximal entropy methods, the CV for both aortic and pulmonary fl ow peak velocity was lower (approximately half) than that for HR variability. 8 Flow is infl uenced not only by HR but also various other factors, such as vessel stiffness, hydrostatic pressure, ventricular contractility, and volume of blood return. The present study could not identify any reasons for the difference between fl ow variability in the aorta and pulmonary artery and HR variability. The time-domain variability of aortic and pulmonary fl ow may thus provide information different from that provided by HR variability.
The present study also demonstrated for the fi rst time the frequency-domain variability of both aortic and pulmonary peak fl ow velocity. When the fl ow velocity variability in normal subjects was compared with reported HR variability in age-matched normal subjects, both aortic and pulmonary fl ow showed lower LF/TF and similar HF/TF compared with HR variability. 8 The present study revealed these characteristics of frequency-domain aortic and pulmonary peak fl ow velocity variability. The mechanisms of these characteristics remain unclear because the present study did not primarily deal with mechanisms. Although the frequency-domain variability of the aortic and pulmonary peak fl ow velocity is thought to have potential for estimating cardiac performance and/or the prognosis of heart disease, further discussion about the clinical signifi cance of the fl ow variability is inappropriate here because the present study lacked direct evidence about this issue.
Conclusion
The present study provided useful information regarding methods for measurement of the variability of great vessel blood fl ow that may be useful for studying the variability in connection with cardiac performance and the prognosis of cardiac disease.
